Graphene has been increasingly used as nano sized fillers to create a broad range of nanocomposites with exceptional properties. The interfaces between fillers and matrix play a critical role in dictating the overall performance of a composite.
I. INTRODUCTION
The reinforcement-matrix interface plays a critical role in dictating the mechanical performance of composites as it affects the effectiveness of interfacial load transfer while loading. [1] [2] [3] [4] To explore the interfacial behaviour, direct pull-out experiment has been applied to short-fiber and carbon nanotube reinforced composites. [5] [6] [7] [8] For graphene-polymer composites, however, the unique shape and dimensions of graphene make the direct pull-out test a technical challenge. Raman spectroscopy and atomistic simulation are considered to be possible alternatives. Using stress-sensitive graphene G' band, load transfer along the graphene-polymer interface was evaluated using Raman spectroscopy. [9] [10] [11] [12] In combination with shearlag theory, 13, 14 Gong et al. 9 reported a relatively low level of interfacial shear stress (~5MPa) between graphene and polymer, which is an order of magnitude lower than that between carbon nanotube (CNT) and polymer (~40 MPa). 15 In contrast, Srivastava et al. 12 showed that graphene may provide higher load-transfer effectiveness than CNT. Up to now, the interfacial a) Corresponding author: C. Yan. Electronic mail: c2.yan@qut.edu.au behaviour and the underlying reinforcement mechanisms in graphene-polymer nanocomposites have not been well understood. On the other hand, atomistic simulation of interfacial behaviour in graphene-polymer composites is lacking although it has been used in CNT-polymer nanocomposites. [16] [17] [18] [19] Experimentally, it has been confirmed that a strong graphene-polymer interface enables excellent mechanical properties of graphene-polymer nanocomposites, and can be obtained by introducing covalent bonding between graphene and polymer. 20 Rafiee et al. 21 and Zaman et al. 22 reported enhanced fracture and fatigue properties of nanocomposites by functionalized graphene sheets. Ramanathan et al. 23 found functionalized graphene sheet has a strong interfacial interaction with the polymer matrix, confirmed also by the observation of Yang et al. 24 However, the reinforcing mechanism of functionalized groups on load transfer along graphene-polymer interface has not been investigated.
In this work, we conducted molecular dynamics (MD) simulations to simulate the pull-out of graphene from polymer and effects of surface functionalization on the interfacial load transfer. Both influences of coverage degree of surface functionalization and graphene layer length on interfacial shear force and interfacial shear stress during pull-out were investigated. A theoretical model was established to understand the reinforcing mechanism of surface functionalization (e.g.
doping hydrogen and oxygen atoms to graphene) on interfacial load transfer.
II. MATERIALS AND METHODS

A. Molecular dynamics (MD) models
The pull-out of graphene from polymer matrix was simulated using MD method. Polyethylene (PE) was chosen due to its structural simplicity, which can effectively reduce the computational cost. To set up the atomistic structures, threedimensional (3D) periodic models of PE layer were firstly established using Material Studio (Accelrys, Inc) with the dimensions of L (length) × W (width) × T (thickness) =5-30 nm × 5 nm × 3 nm. The PE layers consist of 25-150 molecules and each molecule (CH 3 -(CH 2 -CH 2 ) 59 -CH 3 ) is composed of 60 monomers. As shown in Fig. 1(a) , the simulation cells were constructed by sandwiching monolayer graphene (Model 1), bi-layer graphene (Model 2), hydrogen-functionalized monolayer graphene (Model 3) and oxygen-functionalized graphene (Model 4) between two PE layers. h represents the equilibrium distance between graphene and PE matrix. In Model 3 and Model 4, 3% hydrogen and 1-10% oxygen were regularly patterned on both sides of graphene monolayers, as shown in Fig. 1(b-e) . For the possible dimension effect of PE layers, our simulations demonstrated that there is no obvious difference of interfacial shear force when varying width and thickness. Hence, only one width (5 nm) and thickness (3 nm) were considered in this work. As for the effect of PE chain length, previous study demonstrated that there is also unobvious variation of PE distribution in the vicinity of polymer-PE interfaces with PE chain length (n ranging from 40 to 250). 25 Therefore, only PE molecule of 60 monomers was chosen for simulation simplicity here.
An ab initio polymer consistent force field (PCFF) 26, 27 was employed to calculate the atomistic interactions between graphene and PE. Open-source code LAMMPS 28 was used for the MD simulations as it has been broadly adopted for modelling graphene [29] [30] [31] and carbon-based polymer nanocomposites. [32] [33] [34] [35] [36] [37] [38] In general, the total potential energy of a simulation system can be expressed as
where E bond , E over , E val , E tors , E vdW and E Coulomb are the energy components corresponding to bond, overcoordination, angle, torsion, Van der Waals (vdW) and Coulomb interactions, respectively. The detailed expression for each component can be found elsewhere. 37 The cut-off distances of both vdW and Coulomb interactions were chosen as 1 nm in the simulations. To obtain an equilibrated structure, each unconstrained model was placed into a constant-temperature, constant-pressure (NPT) ensemble for 20 ps and then a constant-temperature, constant-volume (NVT) ensemble for another 500 ps at the temperature T=100 K, pressure P=1 atm and time step Δt=1 fs after the initial energy minimization. After 500 ps calculation at T=100 K, the unit-cell models are expected to be fully equilibrated. The equilibrium distance between the graphene and PE layer (h) can be estimated numerically or theoretically. In the Model 1, the equilibrium distance is numerically estimated as 2.81 Å.
B. Pull-out simulation
For the simulation of pull-out process, non-periodic boundary conditions (non-PBCs) were firstly introduced at each end of the graphene layers along x axis by adding hydrogen atoms to eliminate unsaturated boundary effect. Then, the graphene layers in all four models were pulled out from the PE matrix via displacement increment (Δx=0.1 Å) along x axis while keeping PE layers relaxed. The pull-out process of Model 1 is shown in Fig. 2 , which is similar to that of Model 2 (not shown in Fig. 2 ).
FIG. 2. (a-d)
Snap shots of pull out of monolayer graphene from PE matrix. Red dash lines shown in (b-d) highlight the recovery of deformed polymer layers after graphene being pulled out.
Assuming no cross-link between graphene and PE, vdW interaction is expected to dominate the interfacial bonding. To understand the load transfer along a graphene-polymer interface, the interfacial shear force (F GP ) and interfacial shear stress (τ GP ) need to be evaluated. In the pull-out simulations, F GP was estimated by the change of vdW interaction along the interface, i.e., int GP F E X = − ∂ ∂ , where E int is vdW interaction energy; X is pull-out displacement of graphene. For a given F GP -X curve, the interfacial shear stress can be calculated by using
∂ , where W is the width of graphene nanofiller along y axis.
Due to the discrete arrangement of atoms at graphene-PE interfaces, relative sliding between graphene and PE may influence the interfacial shear force during pull-out. To investigate the relative sliding between graphene and PE matrix, periodic boundary conditions (PBCs) were introduced to both ends of model cells along x axis (Fig. 1) .
III. RESULTS AND DISCUSSION
A. Theoretical analysis of pull-out process
During pull-out, interfacial shear force is generated by two physical mechanisms. 39 One is the relative sliding between the carbon atoms of graphene and the polymer chains. The magnitude of interfacial shear force is largely dependent on the local arrangement of the atoms along the interface. For example, Chen et al. 40 reported a non-zero interfacial shear stress (~1.0 MPa) between the walls of double-walled CNT during pull-out. The second mechanism is due to the formation of new surface when graphene layer is pulled out from the polymer. 41 By investigating the relative sliding along the interface, our MD simulation confirmed the presence of non-zero interfacial shear stress τ GM , as shown in Fig. 3 . The amplitude of τ GM fluctuates during relative sliding. This is caused by the discrete arrangement of molecular chains in PE. Based on Fig. 3 , it is reasonable to assume a sinusoidal distribution of τ GM and then we have
where 0 GM τ is the average amplitude of τ GM .
Δu(x)=u G (x)-u PE (x) is the relative sliding displacement between graphene u G (x)
and PE u PE (x); l 0 ≈4.3 Å is the corresponding periodic length between two sinusoidal peaks. As both graphene and PE are assumed to be rigid during relative sliding, the displacement of PE can be regarded as zero and Eq. (2) can be rewritten as ( )
FIG. 3. Interfacial shear stress τ GM induced by the relative sliding between graphene and PE matrix.
If the PE matrix is subjected to a tension load, the axial force is expected to transferred to graphene via the graphene-PE interfaces. As graphene is much stiffer than PE matrix, the axial force will be mainly borne by graphene layers. In equilibrium, the interfacial shear force per unit width F GP can be expressed as
where F γ is the interfacial shear force caused by the formation of new surface; 
where X I is the distance corresponding to the ( ) max GP F W at the stage I. Fig. 6 shows the distributions of interfacial shear stress τ GP . Table 1 lists the estimated τ GP using Eq. (7), corresponding to different graphene lengths. It is clear that the shear stress increases with the length. The estimated τ GP for monolayer graphene with a length of 10 nm is 140 MPa, larger than that between CNT and PE matrix around 100 MPa. 17 This indicates the interface strength between the graphene layer and PE may be higher than that between CNT and PE, implying higher reinforcement efficiency in graphene-PE composites. 
C. Effect of graphene length and surface functionalization on interfacial shear force
As shown in Fig. 7(a 
IV. CONCLUSION
To understand interfacial load transfer and reinforcement mechanism of surface functionalization in graphene-polymer nanocomposites, we systematically simulated the pull-out of graphene from polymer. The effects of coverage degree of surface functionalization and graphene layer length on interfacial load transfer were investigated. Both theoretical and numerical analyses confirmed that the interfacial shear force is caused by the formation of new surfaces and the relative slides between graphene and polymer atoms along the interfaces. The interfacial shear force and stress get enhanced with the increase of coverage degree and length of graphene layer, indicating that surface functionalization is an effective way to increase the interfacial shear force during pull-out. As compared to monolayer graphene, about 48% and 183% increase of interfacial shear force were observed in the graphene layer with hydrogen and oxygen fictionalization of 3%. Further increase of oxygen coverage to about 7% led to a saturated interfacial shear force.
